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ABSTRACT
Gravitational potential fluctuations driven by bursty star formation can kinematically
‘heat up’ dark matter at the centres of dwarf galaxies. A key prediction of such models
is that, at a fixed dark matter halo mass, dwarfs with more extended star formation
will have lower central densities than those that stopped forming stars long ago. We use
stellar kinematics and HI gas rotation curves to infer the inner dark matter densities
of eight dwarf spheroidal and eight dwarf irregular galaxies with a wide range of star
formation histories. For all galaxies, we estimate the dark matter density at a common
radius of 150 pc, ρDM(150 pc). We find that our sample of dwarfs falls into two distinct
classes. Those that stopped forming stars over 6 Gyrs ago favour central densities
ρDM(150 pc) > 10
8 M kpc−3, consistent with cold dark matter cusps, while those
with more extended star formation favour ρDM(150 pc) < 10
8 M kpc−3, consistent
with shallower dark matter cores. Using abundance matching to infer pre-infall halo
masses, M200, we show that this dichotomy is in excellent agreement with models
in which dark matter is heated up by bursty star formation. In particular, we find
that ρDM(150 pc) steadily decreases with increasing stellar mass-to-halo mass ratio,
M∗/M200. Our results suggest that, to leading order, dark matter is a cold, collisionless,
fluid that can be kinematically ‘heated up’ and moved around.
Key words:
1 INTRODUCTION
The standard Λ Cold Dark Matter (ΛCDM) cosmological
model gives a remarkable description of the growth of struc-
ture in the Universe on scales >∼ 1 Mpc (e.g. Planck Col-
laboration et al. 2014; Springel et al. 2006; Clowe et al.
2006; Dawson et al. 2013; Baur et al. 2016). Yet, on smaller
scales there have been long-standing tensions (e.g. Bullock
& Boylan-Kolchin 2017). The oldest of these is the ‘cusp-
core’ problem. Pure dark matter (DM) structure formation
simulations in ΛCDM predict a universal DM halo pro-
file that has a dense ‘cusp’ at the centre, with inner den-
sity ρDM ∝ r−1 (Dubinski & Carlberg 1991; Navarro et al.
1996b). By contrast, observations of gas rich dwarf galaxy
rotation curves have long favoured constant density DM
‘cores’, with ρDM ∼ constant (Flores & Primack 1994; Moore
1994; de Blok 2010; Read et al. 2017).
The cusp-core problem has generated substantial inter-
est over the past two decades because it may point to physics
beyond the collisionless ‘Cold Dark Matter’ (CDM) typically
? E-mail: justin.inglis.read@gmail.com
assumed to date. Spergel & Steinhardt (2000) were the first
to suggest that ‘Self Interacting Dark Matter’ (SIDM) – that
invokes a new force acting purely in the dark sector – could
transform a dense cusp to a core through energy transfer be-
tween the DM particles (e.g. Rocha et al. 2013; Elbert et al.
2015; Kaplinghat et al. 2016; Schneider et al. 2017; Robles
et al. 2017). Warm Dark Matter (WDM) has also been pro-
posed as a solution to the cusp-core problem (e.g. Hogan &
Dalcanton 2000; Bode et al. 2001; Avila-Reese et al. 2001;
Lovell et al. 2014; Schneider et al. 2017, but see Dalcanton &
Hogan 2001; Maccio` et al. 2012 and Shao et al. 2013). Other
proposed solutions include ‘fuzzy DM’ (Hu et al. 2000; Hui
et al. 2017), ‘fluid’ DM (Peebles 2000) and ‘wave-like’ DM
(Schive et al. 2014).
However, there is a more prosaic explanation for the
cusp-core problem. If gas is slowly accreted onto a dwarf
galaxy and then suddenly removed (for example by stellar
winds or supernovae feedback) this causes the DM halo to
expand, irreversibly lowering its central density1 (Navarro
1 Note that there is an alternative mechanism by which stars and
gas can alter the inner DM density profile. El-Zant et al. (2001)
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et al. 1996a). Gnedin & Zhao (2002) showed that, for rea-
sonable gas fractions and collapse factors, the overall effect
of this ‘DM heating’ is small. However, if the effect repeats
over several cycles of star formation, it accumulates, leading
eventually to complete DM core formation (Read & Gilmore
2005). Indeed, recent numerical simulations of dwarf galax-
ies that resolve the impact of individual supernovae on the
interstellar medium find that bursty star formation natu-
rally occurs. This results in strong potential fluctuations
that drive the transformation of a DM cusp to a core within
the projected half light radius, R1/2 (e.g. Mashchenko et al.
2008; Pontzen & Governato 2012; On˜orbe et al. 2015; Tollet
et al. 2016; Read et al. 2016a, and for a review see Pontzen &
Governato 2014). Such simulations have already made sev-
eral testable predictions. Teyssier et al. (2013) show that
for potential fluctuations to transform DM cusps to cores,
star formation must be bursty with a peak-to-trough ra-
tio of 5 − 10 and a duty cycle comparable to the local dy-
namical time. Furthermore, the stars should be dynamically
‘heated’ similarly to the DM, leading to a stellar velocity
dispersion that approaches the local rotational velocity of
the stars (v/σ ∼ 1). Both of these predictions are supported
by observations of dwarf galaxies (e.g. Kauffmann 2014; Lea-
man et al. 2012; Wheeler et al. 2017). Further evidences for
bursty star formation come from the observed age gradients
in dwarfs (El-Badry et al. 2016) and the ratio of nebular
Hα emission to the continuum far ultra-violet flux2 (Sparre
et al. 2017).
The above is strong evidence that dwarf galaxies do
indeed have bursty star formation histories. However, this
is only circumstantial evidence for DM heating in dwarfs.
The real ‘smoking gun’ for DM cusp-core transformations
lies in another key prediction from recent numerical models:
DM core formation requires several cycles of star formation
(Read & Gilmore 2005; Pontzen & Governato 2012). Thus,
at fixed DM halo mass, galaxies with more star formation
should have shallower central DM densities (Pontzen & Gov-
ernato 2012; Pen˜arrubia et al. 2012; Di Cintio et al. 2014a;
On˜orbe et al. 2015; Brook & Di Cintio 2015; Read et al.
2016a; Di Cintio et al. 2017; Bermejo-Climent et al. 2018).
This is a distinct prediction from solutions to the cusp-core
problem that invoke exotic DM. If bursty star formation
is responsible for DM cores, then galaxies whose star for-
mation shut down long ago should retain their steep central
were the first to suggest that dense gas clumps could impart an-
gular momentum to the inner DM density profile by dynamical
friction, causing a cusp to flatten to a core (and see Del Popolo
(2009), Goerdt et al. (2010) and Cole et al. (2011) for more re-
cent work on this mechanism). Such a mechanism still requires
stellar feedback to then destroy these dense gas clumps. Oth-
erwise, the inner stellar density that results would be too high
to be consistent with observations (e.g. Nipoti & Binney 2015).
The predictions from this class of model can be rather degenerate
with ‘DM heating’ due to potential fluctuations (Del Popolo &
Pace 2016) and it may well be that both act in tandem in dwarf
galaxies. This remains an area of active research.
2 Hα nebular emission traces the mean star formation rate over
the past ∼ 20 Myrs, while the continuum far ultra-violet flux
traces the mean star formation rate over the past ∼ 200 Myrs
(e.g. Kennicutt & Evans 2012). A large and statistically signifi-
cant scatter in the ratio of these two quantities across a population
of dwarfs indicates that the star formation is bursty.
DM cusps. By contrast, if cores owe to exotic DM then there
should be no relationship between the central dark matter
densities of dwarfs and their star formation histories3.
In this paper, we set out to test the above prediction by
measuring the central DM density in dwarf galaxies with a
wide range of star formation histories (SFHs). Our sample
includes gas-poor dwarf spheroidal galaxies (dSphs) whose
star formation ceased shortly after the beginning of the Uni-
verse, dSphs with extended star formation that shut down
only very recently, and gas rich dwarf irregular galaxies
(dIrrs) that are still forming stars today. This requires us
to accurately infer the DM distribution in both gas rich and
gas poor galaxies. For the former, we use HI rotation curves
as in Read et al. (2017); for the latter, we use line of sight
stellar kinematics. However, with only line of sight veloc-
ities, there is a well-known degeneracy between the radial
density profile (that we would like to measure) and the veloc-
ity anisotropy of the dwarf (see §3.1 and Binney & Mamon
1982; Merrifield & Kent 1990; Battaglia et al. 2013; Read
& Steger 2017). In Read & Steger (2017) and Read et al.
(2018), we introduced a new mass modelling tool – Grav-
Sphere – that breaks this degeneracy by using ‘Virial Shape
Parameters’ (VSPs). We used a large suite of mock data to
demonstrate that with ∼ 500 radial velocities, GravSphere
is able to correctly infer the dark matter density profile over
the radial range 0.5 < r/R1/2 < 2, within its 95% confidence
intervals. Here, we use GravSphere to infer the inner DM
density of eight Milky Way dSphs that have radial velocities
for >∼ 190 member stars. We emphasise that, while with of
order 500 radial velocities, GravSphere is not able to ob-
tain a robust inference of the inner slope of the DM density
profile, it can constrain the amplitude of the inner DM den-
sity at ∼ 150 pc (Read et al. 2018). As we shall show, this
is sufficient to test dark matter heating models.
This paper is organised as follows. In §2, we briefly re-
view the cusp-core problem in ΛCDM, and we explain why
a robust estimate of the amplitude of the DM density at
150 pc is sufficient for testing dark matter heating models.
In §3, we describe our method for measuring the DM density
profile from stellar kinematics (GravSphere; §3.1) and HI
rotation curves (§3.2). In §4, we describe our data compila-
tion. In §5, we present our key results. In §6, we compare
our measurements with previous work in the literature. We
discuss the robustness of our results and their implications
for ‘DM heating’ and the nature of DM. Finally, in §7 we
present our conclusions.
2 THE CUSP-CORE PROBLEM IN ΛCDM
In this section, we briefly review the cusp-core problem in
ΛCDM. This broadly follows a similar review presented in
3 Most exotic DM models designed to solve the cusp-core problem
predict that all dwarfs should have a central DM core. However,
there can be exceptions to this. In SIDM models with a high self-
interaction cross section, for example, dark matter halos undergo
‘core collapse’, increasing their central density at late times (e.g.
Vogelsberger et al. 2012). However, while this will lead to some
stochasticity in the central dark matter density of dwarfs, it will
not lead to any relationship between their central dark matter
densities and their star formation histories.
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Read et al. (2018); however, we reproduce this here in order
to introduce some key equations that we will need later on,
and for this paper to be self-contained.
Pure DM structure formation simulations in ΛCDM
predict DM halos that have a ‘Navarro, Frenk & White’
(NFW) density profile (Navarro et al. 1996b):
ρNFW(r) = ρ0
(
r
rs
)−1(
1 +
r
rs
)−2
(1)
where the central density ρ0 and scale length rs are given
by:
ρ0 = ρcrit∆c
3
200gc/3 ; rs = r200/c200 (2)
gc =
1
log (1 + c200)− c2001+c200
(3)
and:
r200 =
[
3
4
M200
1
pi∆ρcrit
]1/3
(4)
where c200 is the concentration parameter; ∆ = 200 is the
over-density parameter; ρcrit = 136.05 M kpc−3 is the crit-
ical density of the Universe at redshift z = 0; r200 is the
virial radius; and M200 is the virial mass.
The mass and concentration of halos in ΛCDM are cor-
related (e.g. Dutton & Maccio` 2014):
log10(c200) = 0.905− 0.101 log10(M200h− 12) (5)
with scatter ∆ log10(c200) = 0.1, where h ∼ 0.7 is the Hubble
parameter.
Recent simulations, that have sufficient spatial resolu-
tion to capture the dense multiphase interstellar medium
(∆x <∼ 100 pc), and that include the effects of gas cool-
ing, star formation and feedback, find that DM cusps are
transformed to cores in the centres of dwarf galaxies (e.g.
Mashchenko et al. 2008; Pontzen & Governato 2012; Teyssier
et al. 2013; Pontzen & Governato 2014; Di Cintio et al.
2014a; On˜orbe et al. 2015; Read et al. 2016a). Read et al.
(2016a) introduced a fitting function to parameterise this
cusp-core transformation, the ‘coreNFW’ profile. This has
a cumulative mass profile given by:
McNFW(< r) = MNFW(< r)f
n (6)
where MNFW(< r) is the NFW cumulative mass profile:
MNFW(r) = M200gc
[
ln
(
1 +
r
rs
)
− r
rs
(
1 +
r
rs
)−1]
(7)
and fn generates a shallower density profile at radii r <∼ rc:
fn =
[
tanh
(
r
rc
)]n
(8)
The density profile of the coreNFW model is given by:
ρcNFW(r) = f
nρNFW +
nfn−1(1− f2)
4pir2rc
MNFW (9)
Figure 1. Dark matter density profiles in ΛCDM. The black,
blue and red lines show results from fits to pure DM structure
formation simulations (i.e. NFW profiles; equation 1) for three
halo masses: M200 = 109 M, 1010 M and 1011 M, as marked
in the legend. The purple line shows a fit to a model in which star
formation ‘heats up’ the DM halo, lowering its central density (i.e.
a coreNFW profile; equation 9). The median lines assume that
halos lie on the M200−c200 relation (equation 5), while the shaded
regions show the 1σ scatter in this relation. Notice that the central
densities of the cusped (black, blue and red) and cored (purple)
models is very different. A single measurement of the density at
150 pc (vertical grey line) is sufficient to differentiate the models,
independently of the halo mass.
(The other main fitting function proposed in the literature
to date – the Di Cintio et al. 2014b profile – produces sim-
ilar results when applied to both simulated and real data;
Schneider et al. 2017; Allaert et al. 2017.)
In Figure 1, we show fits to the DM density profiles of
halos extracted from pure DM cosmological simulations in
ΛCDM, with virial masses over range: 109 < M200/M <
1011, corresponding to dwarf galaxies. The median lines
assume that halos lie on the M200 − c200 relation (equa-
tion 5), while the shaded regions show the 1σ scatter in
this relation. The purple line shows a maximally cored
DM halo (equation 9) with M200 = 10
10 M, n = 1 and
R1/2 = 0.015 r200 = 0.7 kpc (Kravtsov 2013), corresponding
to rc = 1.2 kpc. This cored model gives a good match to
simulations in which DM cusps are transformed to cores by
bursty star formation (Read et al. 2016a), but also to mod-
els in which cores form due to self-interactions between DM
particles (Schneider et al. 2017; Read et al. 2018). The key
difference between these two models, as highlighted in §1,
is that the former predicts an anti-correlation between DM
core size and the amount of star formation in a dwarf galaxy,
while the latter predicts no such anti-correlation. This is the
key difference that we set out to test in this paper.
The striking thing to note from Figure 1 is just how dif-
ferent the central densities of the cored and cusped models
are, independently of halo mass M200. While a measurement
MNRAS 000, 000–000 (0000)
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of the slope of the density profile is ideal for differentiating
models, we can actually differentiate amongst these cored
and cusped models with a single measurement of the den-
sity at small radii. In this paper, we choose this ‘small ra-
dius’ to be rS = 150 pc (vertical grey line). This represents a
compromise between picking rS small enough to differentiate
between interesting models, but not so small that the un-
certainties on ρDM(rS) are prohibitively large. In Appendix
A, we show that our results are not sensitive to this choice
of rS.
The inner logarithmic slope of the density profile,
γDM(rS) ≡ d ln ρDM/d ln r(rS), or the asymptotic slope,
γDM(r → 0), have traditionally be used to differentiate cored
and cusped models (e.g. Hague & Wilkinson 2013). How-
ever, as can be seen in Figure 1, we can obtain useful cos-
mological information also from the amplitude of the DM
density profile at rS = 150 pc. In Read et al. (2018), we
used mock data for a Draco-like dwarf to show that, with
∼ 500 stars with radial velocities, GravSphere’s inference
of γDM(150 pc) depended on our choice of priors on γDM. By
contrast, GravSphere’s inference of ρDM(150 pc) was not
sensitive to these priors. For this reason, we focus in this
paper primarily on ρDM(150 pc). For completeness, we show
results for γDM(150 pc) in Appendix B.
3 METHOD
3.1 Modelling the stellar kinematics: GravSphere
GravSphere is described and tested in detail in Read &
Steger (2017) and Read et al. (2018). It solves the projected
spherical Jeans equation (Jeans 1922; Binney & Mamon
1982):
σ2LOS(R) =
2
Σ(R)
∫ ∞
R
(
1−βR
2
r2
)
νσ2r
r dr√
r2−R2 , (10)
where Σ(R) denotes the tracer surface mass density at pro-
jected radius R; ν(r) is the spherically averaged tracer den-
sity; and β(r) is the velocity anisotropy:
β = 1− σ
2
t
σ2r
(11)
where σt and σr are the tangential and radial velocity dis-
persions, respectively, and σr is given by (van der Marel
1994; Mamon &  Lokas 2005):
σ2r(r) =
1
ν(r)g(r)
∫ ∞
r
GM(r˜)ν(r˜)
r˜2
g(r˜)dr˜ (12)
where:
g(r) = exp
(
2
∫
β(r)
r
dr
)
(13)
and M(r) is the cumulative mass of the dwarf galaxy (due
to all stars, gas, DM etc.), that we would like to measure.
GravSphere uses a non-parametric model for M(r)
that comprises a contribution from all visible matter and
a contribution from DM that is described by a sequence
of power laws defined on a set of radial bins. In this pa-
per, these bins are defined at [0.25, 0.5, 1, 2, 4]R1/2, where
R1/2 is the projected half light radius of the tracer stars.
The tracer light profile is also non-parametric, using a se-
ries sum of Plummer spheres, as in Rojas-Nin˜o et al. (2016).
The velocity anisotropy is given by a form that makes g(r)
analytic:
β(r) = β0 + (β∞ − β0) 1
1 +
(
r0
r
)n (14)
where β0 is the inner asymptotic anisotropy, β∞ is the outer
asymptotic anisotropy, r0 is a transition radius, and n con-
trols the sharpness of the transition.
We use a symmetrised β˜ (Read et al. 2006b; Read &
Steger 2017):
β˜ =
σ2r − σ2t
σ2r + σ
2
t
=
β
2− β (15)
since this avoids infinities in β for highly tangential orbits.
We assume flat priors on −1 < β˜0,∞ < 1 such that we give
equal weight to tangentially and radially anisotropic models.
By default, GravSphere also fits for the two higher
order ‘Virial Shape Parameters’ (VSPs; Merrifield & Kent
1990; Richardson & Fairbairn 2014; Read & Steger 2017):
vs1 =
2
5
∫ ∞
0
GM (5− 2β) νσ2r r dr (16)
=
∫ ∞
0
Σ〈v4LOS〉R dR (17)
and:
vs2 =
4
35
∫ ∞
0
GM (7− 6β) νσ2r r3 dr (18)
=
∫ ∞
0
Σ〈v4LOS〉R3 dR . (19)
These allow GravSphere to break the ρ − β degeneracy
(Read & Steger 2017). We use the improved estimators for
vs1 and vs2 described in Read et al. (2018).
GravSphere fits the above model to the surface den-
sity profile of tracer stars, Σ∗(R), their line-of-sight pro-
jected velocity dispersion profile σLOS(R) and their VSPs
using the emcee affine invariant Markov Chain Monte Carlo
(MCMC) sampler from Foreman-Mackey et al. (2013). We
assume uncorrelated Gaussian errors such that the Likeli-
hood function is given by L = exp(−χ2/2), where χ2 in-
cludes the contributions from the fits to Σ∗, σLOS and the
two VSPs. We use 1000 walkers, each generating 5000 mod-
els and we throw out the first half of these as a conservative
‘burn in’ criteria. (See Read & Steger (2017) and Read et al.
(2018) for further details of our methodology and priors.)
3.2 Fitting gaseous rotation curves
For the gas rich isolated dwarfs, we derive the rotation curves
from HI datacubes using the 3DBarolo software, as in Read
et al. (2017) and Iorio et al. (2017). For the mass model, we
decompose the circular speed curve into contributions from
stars, gas and DM:
v2c = v
2
∗ + v
2
gas + v
2
dm (20)
where v∗ and vgas are the contributions from stars and gas,
respectively, and vdm is the DM contribution.
MNRAS 000, 000–000 (0000)
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We assume that both the stars and gas are exponential
discs:
v2∗/gas =
2GM∗/gas
R∗/gas
y2 [I0(y)K0(y)− I1(y)K1(y)] (21)
where M∗/gas is the mass of the star/gas disc, respectively;
R∗/gas is the exponential scale length; y = R/R∗/gas is a
dimensionless radius parameter; and I0, I1,K0 and K1 are
Bessel functions (Binney & Tremaine 2008). As in Read
et al. (2017), we fix the values of R∗, Rgas and Mgas to
the median of their observed values in our model fits. All
values used are reported in Table 1.
To ensure consistency between the stellar kinematic and
gas rich models that we present here, for the DM mass dis-
tribution (v2dm = GMdm/r), we use the freeform mass model
from Read & Steger (2017), described in §3.1, above. This
differs from the analysis in Read et al. (2016b) and Read
et al. (2017) where we used instead the ‘coreNFW’ profile
from Read et al. (2016a). In tests, we verified that this choice
does not affect our results. (Using the coreNFW distribution
instead, and allowing the core-size parameter, rc, to freely
vary, leads to density profiles consistent with our free-form
models, but with smaller uncertainties corresponding to the
reduced freedom in the mass model.)
4 THE DATA
Our data sample comprises nearby dwarf galaxies that –
based on mock data tests – have sufficiently good data to
estimate ρDM(150 pc) reliably, and that have had their data
analysed in a homogeneous manner. These are the eight
Milky Way ‘classical’ dSphs (e.g. McConnachie 2012), and
eight isolated gas rich dIrr galaxies taken from Read et al.
(2017).
4.1 The dwarf irregulars
For the isolated dIrrs, we measure their DM density profile
from their HI gas rotation curves, as described in Read et al.
(2017) and §3.2. The rotation curves for these galaxies were
extracted from the HI datacubes using 3DBarolo, as de-
scribed in detail in Read et al. (2017) and Iorio et al. (2017).
As in Read et al. (2017), our isolated dwarf sample is chosen
to have an inclination angle of i > 40◦ because 3DBarolo
can become systematically biased for lower inclination an-
gles than this. We also require a good measurement of the
distance and photometric light profile (Read et al. 2016b).
Two of the dwarfs, WLM and Aquarius, have star forma-
tion histories derived from deep colour magnitude diagrams
(Dolphin 2000; Cole et al. 2014); the remainder are known
to be still forming stars today (Zhang et al. 2012). Finally, of
the 11 dwarfs in Read et al. (2017) that meet the above cri-
teria, we exclude NGC 6822 because it has a central stellar
bar that complicates the analysis, and DDO 126 and UGC
8505 because their inner rotation curves are sufficiently un-
certain that we are unable to obtain a good measurement of
ρDM(150 pc). The data for our sample of dIrrs is described
and presented in detail in Read et al. (2017) and Iorio et al.
(2017) and so we refer the reader to those publications for
further details.
4.2 The dwarf spheroidals
Our sample of dSphs: Draco, UMi, Sculptor, Carina, For-
nax, Sextans, Leo I and Leo II, each have >∼ 190 stars with
radial velocities and well-measured photometric light pro-
files. The best-sampled systems have over 500 member ve-
locities (Draco [504], Carina [767], Sculptor [1,351] and For-
nax [2,573]). We mass-model these dSphs using the Grav-
Sphere code (see Read & Steger 2017; Read et al. 2018
and §3.1). With ∼ 500 member velocities, GravSphere can
estimate ρDM(150 pc) well enough to distinguish a ΛCDM
cusp from a constant density core at 95% confidence (see §2
and §3.1). GravSphere gracefully degrades as the number
of data points are reduced.
Since GravSphere simultaneously fits both surface
density and projected velocity dispersion profiles, for each
dSph we require both photometric and kinematic data. For
the photometric data, we use the Pan-STARRS DR1 catalog
(Flewelling et al. 2016) for the northern dwarfs Draco, Leo
I, Leo II, Sextans and Ursa Minor. For the southern dwarfs
Fornax and Scuptor we use data from the VLT/ATLAS DR1
catalog, as re-processed and calibrated by Koposov et al.
(2014). For the southern dwarf Carina, which is not included
in either of the above catalogs, we use a catalog derived from
observations with the Dark Energy Camera by McMonigal
et al. (2014) and generously provided by those authors (N.
McMonigal, private comm.). From each photometric catalog
we initially select point-like sources4 within circular aper-
tures of sufficient angular radius (1.5◦ for each of Draco,
Fornax, Sculptor, Sextans and Ursa Minor; 1◦ for Leo I and
Leo II; 0.9◦ for Carina) to enclose all plausibly-bound mem-
ber stars. From these point sources we obtained samples of
candidate red giant branch (RGB) stars within each dwarf
galaxy by selecting only sources that are brighter than i 6 21
mag and that deviate in colour-magnitude (g − r, i) space
by less than  magnitudes from an old (age=12 Gyr), metal-
poor ([Fe/H]=-2.5) model isochrone (Dotter et al. 2008)
that we shift by the distance modulus corresponding to each
galaxy’s published distance (McConnachie 2012). The only
exception is Carina, for which i-band data are not available
and we use g instead, keeping the same magnitude limit
of g 6 22. For this work, we adopt  =
√
0.04 + σ2i + σ
2
g−r,
where σi and σg−r are the photometric uncertainties in mag-
nitude and colour, respectively.
For the stellar-kinematic data, we use the published
spectroscopic samples of Walker et al. (2009) for Carina,
Fornax, Sculptor and Sextans, of Mateo et al. (2008) for Leo
I, of Spencer et al. (2017) for Leo II, and of Walker et al.
(2015) for Draco. For Ursa Minor, we use spectroscopic data
that were acquired, processed and analysed in the same way
as that of Draco (Spencer et al., in preparation). In addition
to line-of-sight velocities, these data sets contain information
about the chemical composition of individual stars, in the
form either of a magnesium index (Walker et al. 2009) or
4 For the Pan-STARRS catalogs we select point sources as ob-
jects for which the difference between PSF and Kron magnitudes
in the r band is rPSF − rkron < 0.05 (see Farrow et al. 2014
for a discussion of Pan-STARRS star-galaxy separation). For the
ATLAS catalogs we select objects classified as stars (star/galaxy
classifier value of −1). For Carina we use objects classified as stars
by McMonigal et al. (2014).
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a direct estimate of [Fe/H] (Walker et al. 2015); the only
exception is Leo I, for which only velocities are available. In
order to separate dwarf galaxy members from contamination
from the Galactic foreground, we fit an initial, chemody-
namical mixture model that is similar to the one described
in detail by Caldwell et al. (2017); the only difference is that
here we assume any velocity and/or metallicity gradients are
negligible. After fitting these simple models, we evaluate for
every individual star a probability of dwarf galaxy mem-
bership, Pmem, according to Equation 7 of Caldwell et al.
(2017, for RGB candidates lacking spectroscopic measure-
ments, we evaluate membership probability based only on
projected distance from the dwarf galaxy centre). We then
construct empirical surface density and projected velocity
dispersion profiles by dividing the photometric and spectro-
scopic data sets, respectively, into annular bins that each
contain equal numbers (weighted by membership probabil-
ity) of member stars. We confirm that our results are quali-
tatively unchanged for alternative profiles that use different
numbers of bins and/or membership probabilities obtained
from more sophisticated initial models (e.g., ones that ex-
plicitly allow for radially varying velocity dispersion).
For the star formation histories (SFHs), in all cases
we use literature determinations derived from deep resolved
colour magnitude diagrams (Draco, Aparicio et al. 2001;
Sculptor, de Boer et al. 2012a; Carina, de Boer et al. 2014;
Fornax, de Boer et al. 2012b; Sextans, Lee et al. 2009; UMi,
Carrera et al. 2002; Leo I, Dolphin 2002, Leo II, Dolphin
2002, WLM, Dolphin 2000; and Aquarius, Cole et al. 2014).
Our full data sample, including half light radii, stellar
masses, HI masses, stellar kinematic sample size and data
references are given in Table 1. There, we also report the
‘star formation truncation time’, ttrunc for each dwarf. This
is a measure of how long ago star formation shut down,
defined to be the last moment when the star formation rate
fell by a factor of two from its peak value. This is similar to
the concept of ‘fast’ and ‘slow’ dwarfs introduced by Gallart
et al. (2015) and explored in more detail by Bermejo-Climent
et al. (2018). However, our definition here is more readily
applied to our sample of both dSphs and dIrrs (see also
Read & Erkal (2018) for a discussion on this point).
5 RESULTS
5.1 Example GravSphere model fits and
constraints on the velocity anisotropy profile
Before addressing the primary goal of this work – the DM
density profiles – in Figure 2, we show three example Grav-
Sphere model fits for Draco (top), Sculptor (middle) and
Fornax (bottom). (The other dSph fits are similar to these
and so we omit them for brevity.) The panels show, from
left to right, the projected velocity dispersion σLOS, the
tracer surface density profile, Σ∗ and the symmetrised ve-
locity anisotropy profile, β˜ (see equation 15). The data with
errors are shown by the blue points, the contours mark the
68% (dark grey) and 95% (light grey) confidence intervals of
our GravSphere models, and the vertical blue lines mark
the projected half light radius, R1/2.
The three dSphs in Figure 2 have an increasing number
of member velocities, from 504 in Draco to 1,351 in Sculp-
tor and 2,573 in Fornax. This demonstrates how the Grav-
Sphere model fits improve with increasing sampling. Notice
that in all cases, the GravSphere models provide good fits
to the binned data. Both VSPs (see §3.1) are also well-fit for
all three dwarfs, with no indication of bias due to triaxiality
(see Read & Steger 2017 for a discussion of this). The Draco
model fits are discussed in detail in a separate companion
paper where we use Draco – that is the densest of our full
dwarf sample – to place constraints on SIDM models (Read
et al. 2018).
For all of the dSphs that we study in this work, our
GravSphere models are consistent with being isotropic
within their 95% confidence intervals. The majority have
strong constraints only near R1/2 (c.f. the results for Draco
in the top right panel of Figure 2). However, for Sculptor and
Fornax, that have the largest number of member velocities,
we are able to constrain β˜ also at larger and smaller radii.
For Sculptor, we weakly favour isotropic models near the
centre that become radially anisotropic for R > R1/2 (see
Figure 2, middle row, right panel). For Fornax, we weakly
favour some tangential anisotropy at all radii (see Figure
2, bottom row, right panel). Tangential anisotropy has been
noted in some previous studies of Fornax (e.g. Breddels et al.
2013; Kowalczyk et al. 2018). However, for our GravSphere
models, the evidence for this anisotropy is marginal.
5.2 Dark matter density profiles
In Figure 3, we show our results for the radial DM density
profiles of dSphs with > 500 member velocities, and two
dIrrs – WLM and Aquarius – that have a well-measured SFH
(see §4). The left panel shows the SFH, where an age of zero
corresponds to today, while the beginning of the Universe is
on the right of the plot at∼ 14 Gyrs. All plots are normalised
such that the integral of the star formation rate over tuniv =
13.8 Gyrs matches the stellar masses reported in Table 1.
The middle and right panels show the radial DM density
profiles. The light and dark contours mark the 95% and 68%
confidence intervals of our models, respectively. The vertical
grey lines mark the projected half light radius, R1/2. For
the dSphs, the DM density profile is derived from the stellar
kinematics (§3.1), while for the dIrrs it is derived from the
HI gas rotation curve (§3.2). For Aquarius, there are also
stellar radial velocities available for ∼ 25 member stars5
(Kirby et al. 2014). The purple dashed lines mark the 68%
confidence intervals of GravSphere models applied to these
data. This demonstrates the consistency between our stellar
kinematic and HI gas mass modelling, but – as anticipated
from tests on mock data in Read & Steger (2017) – with
just 25 member velocities, GravSphere is not able to well-
constrain the DM density inside R < R1/2 for Aquarius.
Firstly, notice that the GravSphere models for Draco
favour a high central density inside R < R1/2, consistent
with a ΛCDM cusp. Below the contours of the GravSphere
models, we mark on two power law density profiles, ρ ∝ r−1
5 Note that stellar kinematic data are also available for WLM
(Leaman et al. 2012). However, there is evidence for rotation
in these stars which cannot currently be included in the Grav-
Sphere models. We will revisit joint constraints from combined
stellar and gas kinematics in future work.
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Galaxy Type D M∗ Mgas R1/2 Rgas M200 Sample ttrunc ρDM(150 pc) γDM(150 pc) Refs.
(kpc) (106 M) (106 M) (kpc) (kpc) (109M) size (Gyrs) (108M kpc−3)
UMi dSph 76± 3 0.29 – 0.181± 0.027 [0.306] – 2.8± 1.1 430 12.4 1.53+0.35−0.32 −0.71+0.28−0.29 3,5
Draco dSph 76± 6 0.29 – 0.221± 0.019 [0.198] – 1.8± 0.7 504 11.7 2.36+0.29−0.29 −0.95+0.25−0.25 3,4
Sculptor dSph 86± 6 2.3 – 0.283± 0.045 [0.248] – 5.7± 2.3 1,351 11.8 1.49+0.28−0.23 −0.83+0.3−0.25 3,6
Sextans dSph 86± 4 0.44 – 0.695± 0.044 [0.352] – 2.0± 0.8 417 10.6 1.28+0.34−0.29 −0.95+0.36−0.41 3,7
Leo I dSph 254± 15 5.5 – 0.251± 0.027 [0.298] – 5.6± 2.2 328 3.1 1.77+0.33−0.34 −1.15+0.33−0.37 3,8
Leo II dSph 233± 14 0.74 – 0.176± 0.042 [0.194] – 1.6± 0.7 186 6.3 1.84+0.17−0.16 −1.5+0.35−0.31 3,8
Carina dSph 105± 6 0.38 – 0.250± 0.039 [0.242] – 0.8± 0.30 767 2.8 1.16+0.20−0.22 −1.23+0.39−0.35 3,9
Fornax dSph 138± 8 43 – 0.710± 0.077 [0.670] – 21.9± 7.4 2,573 1.75 0.79+0.27−0.19 −0.30+0.21−0.28 3,10
WLM dIrr 985± 33 16.2± 4 79 1.26 1.04 8.3+2−2 – 0 0.52+0.09−0.09 −0.37+0.19−0.16 1,2
DDO 52 dIrr 10,300 52.7± 13 371 1.58 2.49 12+2.9−2.7 – 0 0.38+0.17−0.10 −0.18+0.13−0.24 1
DDO 87 dIrr 7,400 33± 8 310 1.9 1.51 11.3+2.7−2.5 – 0 0.31+0.18−0.09 −0.22+0.15−0.24 1
DDO 154 dIrr 3,700 8.35± 2 309 0.91 2.34 12.6+0.5−0.5 – 0 0.46+0.13−0.10 −0.20+0.15−0.24 1
Aquarius dIrr 900 0.68± 0.17 3.3 0.37 0.25 0.68+1.3−0.4 – 0 0.36+0.22−0.19 −0.41+0.31−0.51 1
NGC 2366 dIrr 3,400 69.5± 17.3 1, 730 1.54 2.69 24+4.9−5.4 – 0 0.18+0.05−0.03 −0.09+0.07−0.12 1
CVnIdwA dIrr 3,600 4.1± 1 64.2 1.14 1.18 1.7+1−0.5 – 0 0.33+0.12−0.09 −0.25+0.170.27 1
DDO 168 dIrr 4,300 59± 14.8 458 1.38 1.51 21+5.2−4.8 – 0 0.31+0.11−0.07 −0.14+0.11−0.18 1
Table 1. Data for the eight dSph and eight dIrr galaxies we study in this work. From left to right, the columns give: the name of the
galaxy; type (dSph or dIrr); distance from the centre of the Milky Way; stellar mass; gas mass (for the dIrrs); stellar half light radius,
R1/2; exponential gas scale length (for the dIrrs); the pre-infall halo mass estimated from HI rotation curves (for the dIrrs) or abundance
matching (for the dSphs; see §5.5); the number of kinematic member stars (for the dSphs); the star formation truncation time (defined in
§4); and our estimates of ρDM(150 pc) and γDM(150 pc) with their 68% confidence intervals (see §5.5). For the dSphs, the column giving
R1/2 quotes literature values compiled in the McConnachie (2012) review and, in square brackets, the value favoured for our sample
of RGB stars by GravSphere. This is in excellent agreement with the literature values for all dSphs except Sextans and UMi, where
GravSphere favours a smaller and larger R1/2, respectively. Finally, the last column gives the data references for each galaxy, as follows:
1: Read et al. (2017); 2: Dolphin (2000); 3: McConnachie (2012); 4: Aparicio et al. (2001); 5: Carrera et al. (2002); 6: de Boer et al.
(2012a); 7: Lee et al. (2009); 8: Dolphin (2002); 9: de Boer et al. (2014); 10: de Boer et al. (2012b). The references for the photometric
and kinematic data for the dSphs are given in §4.
(cusp) and ρ = const. (core). (We discuss Draco, the dens-
est dwarf of our full sample, in detail in a companion paper
(Read et al. 2018).) The GravSphere models for Sculptor,
that formed ∼ 8 times more stars than Draco, favour a lower
central density than Draco, consistent with both an inner
core and a cusp within GravSphere’s 95% confidence in-
tervals. This trend of decreasing inner density with increas-
ing star formation is seen also in Fornax. The GravSphere
models for Fornax – that formed nearly 150 times more stars
than Draco – is less dense than both Draco and Sculptor,
with ρDM(150 pc) a factor of ∼ 3 lower than for Draco. This
shallow inner density profile for Fornax is remarkably similar
to that for WLM (compare the middle and right panels in
the middle row of Figure 3). This is interesting since WLM
and Fornax share similar SFHs (see Figure 3, middle row,
left panel) up until ∼ 2 Gyrs ago when Fornax’s star for-
mation quenched. Our GravSphere models for Aquarius,
despite having substantially larger uncertainties than WLM,
also favour a low inner DM density within their 95% confi-
dence intervals. Finally, Carina is an interesting case. It has
formed stars for nearly a full Hubble time, but despite its
substantially more extended star formation, it formed only
∼30% more stars than Draco. Our GravSphere models for
Carina weakly favour a dense ‘cuspy’ profile, similar to that
for Draco, but also permit a low density core within their
95% confidence intervals (see Figure 3, bottom row). We
discuss Carina further in §6.
In Figure 4, we show similar results for our sample of
dSphs with < 500 member velocities. For these galaxies, we
expect the GravSphere model constraints to be poorer and
in general the confidence intervals of our models are broader
for these dSphs. Nonetheless, we remain able to detect that
Leo I and Leo II are substantially more dense than Fornax,
while Sextans and UMi favour a density similar to Sculptor
and Carina that lies in-between that of Draco and Fornax.
Finally, in Figure 5 we show results for our remaining
dIrrs (see Table 1). These are all actively forming stars today
(Zhang et al. 2012), but do not have star formation histo-
ries measured from deep colour magnitude diagrams. For
this reason, we show just their radial dark matter density
profiles. Notice that all of them are consistent with having
constant density dark matter cores inside ∼ 500 pc. Even
those that permit steeper profiles within their 95% confi-
dence intervals (e.g. CVnIdwA and DDO87) have central
densities that are systematically lower than all of the dSphs,
except Fornax.
5.3 A diversity of central dark matter densities
In Figures 3, 4 and 5 we saw that our sample of dwarfs have
a wide range of dark matter density profiles. In particular,
their central densities appeared to decrease with increasing
star formation. In this section, we study this diversity quan-
titatively. In Figure 6, we plot ρDM(150 pc) for our full sam-
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Figure 2. Example GravSphere model fits for Draco (top), Sculptor (middle) and Fornax (bottom). The panels show, from left to
right, the projected velocity dispersion σLOS, the tracer surface density profile, Σ∗ and the symmetrised velocity anisotropy profile, β˜ (see
equation 15). The data with errors are shown by the blue points, the contours mark the 68% (dark grey) and 95% (light grey) confidence
intervals of our GravSphere models, and the vertical blue lines mark the projected half light radius, R1/2. From top to bottom, these
three dSphs demonstrate the effect of increasing the number of member velocities, from 504 in Draco to 1,351 in Sculptor and 2,573 in
Fornax. Notice how the constraints on β˜ improve with improved spectroscopic sampling.
ple of dwarfs (see §2) as a function of their stellar masses,
M∗. The data points are coloured by their star formation
truncation times, ttrunc, as marked in the legend (see §4 and
Table 1). Notice that the dwarfs fall into two broad classes.
Those with only old stars (ttrunc > 6 Gyrs; black) have
ρDM(150 pc) > 10
8 M kpc−3, while those with extended
star formation (ttrunc < 3 Gyrs; blue) have ρDM(150 pc) <
108 M kpc−3. Note, however, that Carina, UMi and Sex-
tans are possible exceptions to this. They could lie on either
side of this boundary within their 95% confidence intervals.
This could imply a continuum of central dark matter densi-
ties rather than a dichotomy. However, the uncertainties on
ρDM(150 pc) are currently too large to determine whether or
not this is the case. We discuss this further in §6.
Finally, notice that there are several dwarfs – UMi,
Draco, Carina, Sextans, Leo II and Aquarius – with sim-
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Figure 3. The radial DM density profiles of dSphs with > 500 member velocities, and two dIrrs (WLM and Aquarius) with a well-
measured SFH (see §4). The left panel shows the SFH, where today is on the left, while the beginning of the Universe is on the right
of the plot. All plots are normalised such that the integral of the star formation rate over tuniv = 13.8 Gyrs matches the stellar masses
reported in Table 1. The middle and right panels show the radial DM density profiles. The light and dark contours mark the 95% and
68% confidence intervals of our models, respectively. The vertical grey lines mark the projected half light radius, R1/2. For the dSphs,
the DM density profile is derived from the stellar kinematics (§3.1), while for the dIrrs it is derived from the HI gaseous rotation curve
(§3.2). For Aquarius, there are also stellar radial velocities available for ∼ 25 member stars. The purple dashed lines mark the 68%
confidence intervals of GravSphere models applied to these data.
ilar baryonic mass but very different ρDM(150 pc). This is
challenging to understand in ‘alternative gravity’ theories
for DM, as we shall show next.
5.4 Dwarf twins: a challenge for alternative
gravity theories
It has been suggested that DM may owe to a modification of
our current theory of gravity (e.g. Milgrom 1983; Bekenstein
2004; Verlinde 2016). In these ‘alternative gravity’ theories,
the gravitational force comes only from the visible mass
(stars and gas) and there is no invisible DM. Many of the
original alternative gravity theories like MOdified Newto-
nian Dynamics (MOND; Milgrom 1983) and TeVeS (Beken-
stein 2004) have now been ruled out as a complete explana-
tion for DM by data from the cosmic microwave background
radiation and large scale structure (e.g. Skordis et al. 2006;
Dodelson 2011), and galaxy clusters (e.g. Clowe et al. 2006;
Natarajan & Zhao 2008). However, modern versions of these
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Figure 4. As Figure 3, but for dSphs with < 500 member velocities.
Figure 5. As Figure 3, but for the remaining dIrrs. These galaxies
have all actively been forming stars over the past 0.1 Gyrs (Zhang
et al. 2012), but do not have star formation histories measured
from deep colour magnitude diagrams. For this reason, we show
just their radial dark matter density profiles.
theories revert to a ΛCDM-like cosmology on large scales,
thereby sidestepping these constraints (e.g. Li & Zhao 2009;
Khoury 2015, 2016). This makes it interesting to test modifi-
cations to Newtonian gravity in the weak-field regime where
alternative gravity theories have traditionally had more suc-
cess (e.g. Famaey & McGaugh 2012; Lelli et al. 2017). In this
section, we show that the ‘dwarf twins’ Carina and Draco
offer us a particularly clean test.
The idea of using pairs of similar dwarfs to test mod-
ified gravity theories was first suggested by McGaugh &
Milgrom (2013). They compared dwarfs with similar stellar
mass and external tidal field orbiting around M31, finding
that the pairs they considered were consistent with predic-
tions in MOND. However, the orbits of the M31 dwarfs are
not known, allowing some leeway in explaining pairs that do
not precisely match up. By contrast, the Milky Way dwarfs
Draco and Carina present a particularly clean test because
of their similar stellar masses, half stellar mass radii, dis-
tances from the Milky Way (Table 1), and orbits (Lux et al.
2010; Gaia Collaboration et al. 2018). (Note that UMi and
Sextans could also be good ‘twin’ candidates for Draco, how-
ever the uncertainties on their dynamical masses are larger
than for Carina due to their smaller number of radial ve-
locity measurements. Aquarius is also a promising ‘twin’ for
Leo II, but taking into account its gas mass, its baryonic
mass is actually substantially larger than Leo II’s (see Table
1). Aquarius also orbits in a much weaker tidal field and may
be flattened by rotation (e.g. Read et al. 2016a). For these
reasons, of the dwarfs we study here, Draco and Carina are
the cleanest ‘twins’ for testing alternative gravity models.)
We now show quantitatively that Draco and Carina do
indeed present a challenge for alternative gravity theories,
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Figure 6. The inner DM density of our sample of dwarfs,
ρDM(150 pc), as a function of their their stellar masses, M∗.
The black points mark those dwarfs that stopped forming stars
ttrunc < 3 Gyrs ago; the blue points those with ttrunc > 6 Gyrs;
and the purple points those with 3 < ttrunc/Gyrs < 6 (see Ta-
ble 1). Notice that dwarfs with extended star formation (blue)
have ρDM(150 pc) < 10
8 M kpc−3, while those with only old
stars (black) have ρDM(150 pc) > 10
8 M kpc−3. Notice also the
‘dwarf twins’ – UMi, Draco, Carina, Sextans, Leo II and Aquarius
– that have similar M∗ but very different ρDM(150 pc).
using MOND as an example. Assuming spherical symmetry,
the MOND force g field relates to the standard Newtonian
force field gN as (e.g. Famaey & McGaugh 2012):
g = gN
(
1 +
√
1 +
4a20
|gN |2
)1/2
√
2
(22)
where a0 ∼ 1.2×1010 m s−2 is the MOND acceleration scale.
Unlike Newtonian gravity, MOND is not a linear theory
and so we must worry about how the force field from the
Milky Way influences the dynamics of stars moving in Draco
and Carina (e.g. Famaey & McGaugh 2012; Angus et al.
2014). This is called the ‘external field effect’. Fortunately,
these two galaxies are to a very good approximation in the
‘deep MOND’ regime. Using the recent Milky Way model
from McMillan (2017)6, the magnitude of the acceleration
from the Milky Way at 100 kpc is gext ∼ 10−11 m s−2 which
is a factor of ten smaller than a0. Similarly, the internal
acceleration at 150 pc for Draco is gint ∼ 7 × 10−12 m s−2.
The dynamics in this deep MOND limit then fall into two
limiting cases: the ‘quasi-Newtonian’ regime, where gint 
gext  a0; and the isolated regime, where gext  gint  a0
(e.g. Derakhshani 2014). Carina and Draco lie closer to the
6 We calculate the enclosed mass as a function of radius for
this model using the https://github.com/PaulMcMillan-Astro/
GalPot code.
Figure 7. The dwarf ‘twins’ Carina and Draco: a challenge for
alternative gravity explanations for DM. The contours show the
68% (dark) and 95% (light) confidence intervals of the ratio of the
dynamical to the stellar mass, Mdyn/M∗, for Draco (black) and
Carina (purple), calculated from our GravSphere model chains.
The solid and dashed black and purple lines show predictions
for Draco and Carina in MOND in two limiting ‘deep MOND’
regimes, as marked (equations 22 and 23). In all cases, the MOND
predictions show poor agreement with our dynamical inferences.
More troublesome, however, is the similarity of the predictions
for both galaxies. Their M∗, R1/2 and distance from the Milky
Way lead to similar predictions for Mdyn/M∗ in MOND. Yet,
their stellar kinematics imply that Draco is substantially denser
than Carina. This is challenging to understand in any alternative
gravity theory that seeks to fully explain DM, not just MOND.
quasi-Newtonian regime than the isolated regime, but we
will calculate results for both to show these two extremum
cases.
In the quasi-Newtonian regime, the dynamics become
Newtonian but with a modified gravitational constant, G→
Ggext/a0 (Derakhshani 2014). In this case, the ratio of the
dynamical mass to the stellar mass becomes:
Mdyn
M∗
=
gext
a0
= const. (23)
where gext will be slightly different for Draco and Carina
due to their different distances from the Milky Way centre
(see Table 1).
In the isolated regime, |gN |  a0 and from equation 22
we obtain:
Mdyn
M∗
'
√
a0
GM∗(r)
r (24)
Using the best-fit M∗(r) from the GravSphere model fits
to the projected light profiles of Draco and Carina, in Figure
7 we show predictions for Mdyn/M∗ for Draco and Carina
in MOND. We show results for both the isolated regime
(solid lines) and the quasi-Newtonian regime (dashed lines),
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as marked on the Figure. The contours show the 68% (dark)
and 95% (light) confidence intervals of the ratio of the dy-
namical to the stellar mass, Mdyn/M∗, for Draco (black) and
Carina (purple) calculated from our GravSphere model
chains. Notice that in all cases, the MOND predictions show
poor agreement with our dynamical inferences. Indeed, it
has been noted in the literature before that Draco (Gerhard
& Spergel 1992; Kleyna et al. 2001; Sa´nchez-Salcedo & Her-
nandez 2007; McGaugh & Wolf 2010; Alexander et al. 2017)
and Carina (Angus 2008; Alexander et al. 2017) are poorly
fit by MOND, even when accounting for the external field
effect and tides (Angus et al. 2014). Here, we point out an
even more severe problem: these two galaxies require differ-
ent dynamical mass profiles for almost the same radial light
profile. This is a challenge not only for MOND, but for any
weak-field gravity theory that seeks to fully explain DM. We
discuss this further in §6.6.
Unlike alternative gravity theories, models in which DM
is a near-invisible fluid can, at least in principle, explain the
data for Carina and Draco. In this case, the DM must be
distributed differently in these two galaxies. We consider,
next, whether this is expected in the standard ΛCDM cos-
mological model.
5.5 Evidence for dark matter heating in dwarf
galaxies
From Figure 6, we see a significant scatter in the central DM
densities of nearby dwarf galaxies at a similar stellar mass.
In this section, we explore three physical effects that could
induce this scatter in ΛCDM. Firstly, ram pressure from
the Milky Way’s hot corona will cause star formation in the
dwarfs to rapidly shut down on infall (e.g. Gatto et al. 2013).
This will induce scatter in M∗ at a fixed pre-infall halo mass,
M200, leading to a range of M∗ at a given ρDM(150 pc) (e.g.
Read et al. 2017). Secondly, tidal shocking and stripping can
lower the central DM density of the dwarfs, inducing scat-
ter in ρDM(150 pc) at a fixed M∗ (e.g. Hayashi et al. 2003;
Kazantzidis et al. 2004; Read et al. 2006a). And thirdly,
‘DM heating’ will push dark matter out of the centres of the
dwarfs, leading to lower ρDM(150 pc) for longer star forma-
tion times (see §1).
Firstly, note that while tidal stripping is likely to affect
the outer dark matter profiles of the dSphs, for the orbits
that the classical dwarfs are known to move on, the effect
of tidal stripping and shocking on the profile inside R1/2 is
expected to be small (e.g. Hayashi et al. 2003; Kazantzidis
et al. 2004; Read et al. 2006a,b; Pen˜arrubia et al. 2008; Lux
et al. 2010; Read et al. 2018; Gaia Collaboration et al. 2018).
Furthermore, tides cannot affect the isolated dIrrs, yet these
have a lower ρDM(150 pc) than most of the dSphs (Figure
6). This leaves ram pressure stripping and DM heating as
the main sources of scatter.
Ram pressure-induced scatter in ρDM(150 pc) at a fixed
M∗ is caused, ultimately, by the dwarfs inhabiting halos with
very different pre-infall masses, M200. Thus, if we can obtain
an independent estimate of M200 for our dwarf sample, then
we can remove this source of scatter. We obtain M200 for
the isolated dIrrs directly from their HI rotation curves as
in Read et al. (2017). For the dSphs, we obtain M200 by
abundance matching with their mean star formation rates
Figure 8. The inner DM density of our sample of dwarfs,
ρDM(150 pc), as a function of their their pre-infall halo masses,
M200, as determined from HI rotation curves (for the dIrrs)
and abundance-matching (for the dSphs; Read & Erkal 2018).
The black points mark those dwarfs that stopped forming stars
ttrunc < 3 Gyrs ago; the blue points those with ttrunc > 6 Gyrs;
and the purple points those with 3 < ttrunc/Gyrs < 6 (see Ta-
ble 1). The grey band marks the inner DM density of ΛCDM
halos assuming no cusp-core transformations take place, where
the width of the band corresponds to the 1σ scatter in DM halo
concentrations (equation 5). The blue band marks the same, but
for the coreNFW profile from Read et al. (2016a), assuming
maximal core formation. Thus, these two bands bracket the ex-
tremum cases of no cusp-core transformation and complete cusp-
core transformation in ΛCDM. Notice that dwarfs with extended
star formation (blue) lie along the blue track, consistent with hav-
ing DM cores, while those whose star formation shut down long
ago (black) lie along the grey track, consistent with having DM
cusps.
as in Read & Erkal (2018). We report these M200 for our
full sample, with uncertainties, in Table 1.
In Figure 8, we plot ρDM(150 pc) as a function of M200
for our full dwarf sample. The grey band marks the ex-
pected range of inner DM densities of ΛCDM halos assum-
ing no cusp-core transformations take place (i.e. assuming
NFW profiles), where the width of the band accounts for
the 1σ scatter in the M200 − c200 relation (see equations 1,
5 and Figure 1). The blue band marks the same, but for
the coreNFW profile, assuming maximal core formation
(equation 6). Thus, the grey and blue bands bracket the ex-
tremum cases of no cusp-core transformation and complete
cusp-core transformation in ΛCDM.
From Figure 8, we can see that the dwarfs with extended
star formation (blue) have low central DM densities and lie
along the blue track, consistent with DM cores, while those
whose star formation shut down long ago (black) lie along
the grey track, consistent with DM cusps. The uncertainties
on ρDM(150 pc) and M200 are currently too large to be able
to definitively place any of the dwarfs in the ‘transition’
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region between being fully cusped (grey) and fully cored
(blue). We discuss this further in §6.
To further illustrate the above result, in Figure 9, we
plot ρDM(150 pc) for our sample of dwarfs as a function of
the ratio of their stellar mass, M∗ to their pre-infall halo
mass, M200. Now the anti-correlation between star forma-
tion and the central DM density is explicit: dwarfs with
higher M∗/M200 have lower ρDM(150 pc). This is in excel-
lent agreement with models in which DM is heated up by
bursty star formation. Several works in the literature, using
different numerical techniques and different ‘sub-grid’ star
formation recipes, predicted that DM cusp-core transforma-
tions should become inefficient7 for M∗/M200 <∼ 5×10−4 (Di
Cintio et al. 2014a; Chan et al. 2015; Tollet et al. 2016, and
for a review see Bullock & Boylan-Kolchin 2017). This is
marked by the vertical dashed line on Figure 9. Notice, fur-
ther, that this line delineates dwarfs that have extended star
formation (blue) from those with only old-age stars (black).
Finally, recall that for ∼ 500 radial velocities, Grav-
Sphere’s inference of the inner logarithmic slope of the
DM density profile – γDM(150 pc) ≡ d ln ρDM/d ln r(150 pc)
– depends on our choice of priors on γDM (Read et al.
2018). For this reason, we have focussed in this paper only
on the amplitude of the inner DM density, ρDM(150 pc)
(see §2). Nonetheless, for completeness we show our results
for γDM(150 pc) in Appendix B. There, we confirm that
γDM(150 pc) is sensitive to our priors on γDM. However, in-
dependently of our priors on γDM, we find that dwarfs with
truncated star formation have steeper central density profiles
than those with extended star formation, consistent with our
results for ρDM(150 pc), above.
We have shown that the scatter in ρDM(150 pc) at fixed
M∗ (Figure 6) cannot owe to tidal stripping and shocking.
Tidal effects are certainly important for some of the Milky
Way dwarfs (for example the visibly disrupting Sagittarius
dSph; Ibata et al. 1995). However, the sample of dSphs that
we have considered in this paper are moving on relatively
benign orbits around the Milky Way. Their orbits are not
sufficiently radial to affect the DM density at 150 pc (e.g.
Lux et al. 2010; Gaia Collaboration et al. 2018). We have
shown further that the scatter cannot owe to the dwarfs in-
habiting different pre-infall mass halos. The dwarfs certainly
do inhabit a range of different pre-infall halo masses (Figure
8). Indeed, in the context of ΛCDM, a different pre-infall
M200 and c200 is sufficient to explain why the dwarf ‘twins’
Carina and Draco have different density profiles (notice that
these dwarfs appear as twins in Figure 6, but less so in Figure
8). However, the effect of varying pre-infall halo mass is not
sufficient to eliminate the scatter we find in ρDM(150 pc). In
particular, we see no correlation between ρDM(150 pc) and
M200 (Figure 8). By contrast, we see a clear anti-correlation
between ρDM(150 pc) and the ratio M∗/M200 (Figure 9).
This anti-correlation was predicted by models in which DM
is slowly ‘heated up’ at the centres of dwarf galaxies by
bursty star formation (Di Cintio et al. 2014a; Chan et al.
7 Note that Di Cintio et al. (2014a) actually set this bound-
ary to be M∗/M200 = 10−4. However, from their Figure 3,
this corresponds to γDM(0.01 < r/R200 < 0.02) ∼ −1. At
M∗/M200 = 5 × 10−4, most of their simulations still have
γDM(0.01 < r/R200 < 0.02) ∼ −0.85, corresponding to very little
cusp-core transformation.
Figure 9. The inner DM density of our sample of dwarfs,
ρDM(150 pc), as a function of the ratio of their stellar mass, M∗
to their pre-infall halo mass, M200. The colour of the points is
as in Figure 8. Notice that dwarfs that have formed more stars
as a fraction of their pre-infall halo mass have a lower central
dark matter density. This is consistent with models in which DM
is ‘heated up’ by bursty stellar feedback (e.g. Read & Gilmore
2005; Pontzen & Governato 2012; Di Cintio et al. 2014a; Chan
et al. 2015; Tollet et al. 2016). The vertical dashed line marks the
approximate M∗/M200 ratio below which recent models predicted
that DM cusp-core transformations should become inefficient (Di
Cintio et al. 2014a; Chan et al. 2015; Tollet et al. 2016).
2015; Read et al. 2016a; Tollet et al. 2016). In §6, we dis-
cuss which combination of measurements would need to be
wrong in order for this agreement between data and models
to be spurious.
6 DISCUSSION
6.1 Comparison with previous work in the
literature
6.1.1 The dwarf irregulars
Our sample of dIrrs is drawn from the Little THINGS sur-
vey (Oh et al. 2015; Iorio et al. 2017). Oh et al. (2015) pre-
sented mass models for all of the dIrrs we discuss here, using
an entirely independent derivation of their rotation curves
from the raw HI datacubes. Oh et al. (2015) also favour
DM cores for these dIrrs, finding an inner logarithmic slope,
averaged over their full sample, of γDM = −0.32 ± 0.24.
This is in excellent agreement with our findings here (see
Table 1). The only dIrrs for which Oh et al. (2015) favour
DM cusps are DDO 101 and DDO 210 (Aquarius). DDO
101 was discussed extensively in Read et al. (2016b). There,
it was shown that DDO 101’s steeply rising rotation curve
could owe to an incorrect distance estimate for this dwarf.
Indeed, DDO 101 did not make our final selection precisely
because of its highly uncertain distance. For DDO 210, we
find, similarly to Oh et al. (2015), that the uncertainties
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on the inner DM density and logarithmic slope are sim-
ply very large (see Table 1). In terms of the inner logarith-
mic slope of its DM density profile, Aquarius could indeed
be cusped or cored within its 95% confidence intervals (see
Figure B1). However, the amplitude of Aquarius’ inner DM
density, ρDM(150 pc), is consistent with it being cored (see
Figure 8).
6.1.2 The dwarf spheroidals
Among the dSphs, by far the most well-studied are Fornax
and Sculptor, which are relatively luminous and have the
largest available stellar-kinematic samples (for reviews, see
Battaglia et al. 2013 and Walker 2013). While there is a
general consensus that Fornax has a DM core (Goerdt et al.
2006; Walker & Pen˜arrubia 2011; Amorisco & Evans 2011;
Cole et al. 2012; Pascale et al. 2018; Kowalczyk et al. 2018),
Sculptor has proven more contentious. For example, model-
ing split populations using the Jeans equations and/or the
Virial theorem, Battaglia et al. (2008), Agnello & Evans
(2012), Walker & Pen˜arrubia (2011) and Amorisco & Evans
(2012) all favour a central DM core; using VSPs similar to
our analysis here, Richardson & Fairbairn (2014) favour a
cusp; using a Schwarzschild method, split-populations with
axisymmetric Jeans models and a phase-space distribution
function method, respectively, Breddels et al. (2013), Zhu
et al. (2016) and Strigari et al. (2017) all conclude that
they cannot distinguish cusps from cores with the currently-
available data. Finally, Massari et al. (2017) have recently
used the first internal proper motion data for Sculptor to
argue that it favours a cusp. However, Strigari et al. (2018)
argue that those same proper motion data are consistent
with both cusps and cores.
Figure 10 compares our new results for the cumula-
tive DM mass profiles of Sculptor (left) and Fornax (right)
to those from previous studies for which such a compari-
son is straightforward8. The grey contours show the 68%
(dark) and 95% (light) confidence intervals of our Grav-
Sphere models. The magenta and red data points show the
results from Walker & Pen˜arrubia (2011) and Amorisco et al.
(2013), respectively, who both use split population methods
with dynamical mass estimators to obtain measurements of
the enclosed masses at different scale radii. (The light/dark
error bars mark the 95% and 68% confidence intervals of
these models, respectively.) The dashed blue curves indi-
cate the posterior PDF that Zhu et al. (2016) obtain for
a generalized DM halo model, using split populations with
an axisymmetric Jeans method that includes rotation. All
of these methods break the ρ − β degeneracy (see §1) in
different ways, while each study uses their own data selec-
tion and their own approach to determining the membership
probability.
Most of the mass models for Sculptor and Fornax shown
in Figure 10 agree within their 68% confidence intervals.
This is remarkable given the different methodologies used
8 Previous studies that we have not included in this plot evaluate
perfectly cored and/or NFW-cusped halo models separately. This
makes it challenging to compare with our GravSphere models
that provide a posterior probability distribution function that
includes the space in between these two extremes.
to derive these mass profiles. However, a notable outlier is
the Sculptor result of Walker & Pen˜arrubia (2011, WP11
hereafter), who report an enclosed mass at r ∼ 300 pc that
is a factor of ∼ 2 larger than that obtained in the other
studies (including the present one). It is this large mass – or
more precisely, the relatively steep slope required to reach
this mass from WP11’s more-agreeable estimate at smaller
radius – that leads WP11 to conclude that Sculptor’s mass
profile is incompatible with an NFW cusp. WP11’s method-
ology has been tested extensively using mock data sets
drawn from equilibrium dynamical models as well as cosmo-
logical and hydrodynamical N-body simulations, generally
supporting WP11’s argument that it is the mass at smaller
radius that is more prone to overestimation (e.g. Laporte
et al. 2013; Genina et al. 2017). However, the outer mass can
be overestimated in the case of ongoing tidal heating (see the
discussion by WP11) and/or departures from spherical sym-
metry that can conspire with unfortunate viewing angles to
bias WP11’s mass estimator. Even so, Genina et al. (2017)
find that in just ∼ 3% of their cosmologically-simulated real-
isations of Sculptor analogs with cuspy DM halos, the latter
effect would induce sufficient systematic error to account for
WP11’s result.
At present, we lack a satisfactory explanation for the
apparent ∼ 2σ systematic discrepancy, above. However, the
key result in this paper – that we find an anti-correlation
between ρDM(150 pc) and M∗/M200 – is based on the infer-
ence of ρDM at 150 pc where all of the above studies agree.
Furthermore, the trend exhibited across the population of
dwarf galaxies in our sample should be insensitive to even
large systematic errors in the mass profiles inferred for indi-
vidual systems, provided that the systematic errors do not
correlate with the star formation history.
6.1.3 Dark matter heating
From the above comparisons, it is clear that the results in
this paper do not owe to any special feature of our Grav-
Sphere modelling. Rather, what is new here is: (i) the com-
parison of the DM distribution in isolated gas rich dwarfs
with our sample of nearby gas poor dwarf spheroidals; and
(ii) the comparison of the inner DM density of these dwarfs
with their SFHs. With a large sample of such dwarfs with ex-
cellent quality data, we are able to demonstrate that Fornax,
with its extended star formation history, has a shallow DM
density profile similar to that of WLM and the other isolated
dIrrs, while nearby dSphs that have only old-age stars are
substantially denser, consistent with steeper, more cuspy,
DM density profiles. These results are in good agreement
with recent predictions by Bermejo-Climent et al. (2018)
who used energetic arguments to show that UMi and Draco
are the dSphs most likely to have a pristine DM cusps, while
Fornax and Sculptor are most likely to have large DM cores.
Similarly, Brook & Di Cintio (2015) used their DM heating
models, combined with abundance matching, to predict DM
cores in WLM and Fornax, cusps in Draco, Leo I, Leo II and
UMi, and something in-between for Sculptor and Aquarius.
This is also in excellent agreement with our findings here.
Finally, the diversity of central DM densities that we
find here is in good agreement with the recent study of Valli
& Yu (2017). They fit a self interacting DM (SIDM) model
to the classical dSphs, finding a wide range of interaction
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Figure 10. The cumulative DM mass profile of our GravSphere models for Sculptor (left) and Fornax (right) as compared to other
determinations in the literature (see legend). The grey contours show the 68% and 95% confidence intervals of our GravSphere models.
cross sections, corresponding to a wide range of central DM
densities. Similarly to our results here, they favour a low
central density (high SIDM cross section) for Fornax and a
high central density (low SIDM cross section) for Draco9.
However, without the dIrrs to compare with, they describe
Fornax (and Sextans) as ‘outliers’. We favour a different in-
terpretation. Given the good agreement between the inferred
DM density profile of Fornax and that of our dIrr sample, we
argue that Fornax is not an outlier, but rather a key piece
of evidence for DM heating at the centres of dwarf galaxies.
6.2 Model limitations and caveats
6.2.1 Mass modelling with stellar kinematics
In recent years, there have been a number of studies cri-
tiquing the robustness of stellar kinematic mass modelling.
The primary concerns are the effects of unmodelled triaxi-
ality and the effect of unbound tidally stripped stars. Four
recent studies have looked at the effects of triaxiality on mass
modelling methods that assume spherical symmetry. Read
& Steger (2017) test the GravSphere method that we use
here; Laporte et al. (2013) and Genina et al. (2017) test the
Walker & Pen˜arrubia (2011) split-population method; and
Kowalczyk et al. (2017) test a Schwarzschild method. All
four find that triaxiality induces a small bias on the recov-
ery that is rarely larger than the 95% confidence intervals
of the models. Kowalczyk et al. (2013) test the Wolf et al.
(2010) Jeans mass estimators on tidally stripped mock data,
9 For the remaining dwarfs, our study and that of Valli & Yu
(2017) are broadly in good agreement, though they claim tighter
constraints on the central density for UMi and Sextans than our
GravSphere models are able to achieve.
finding that they can become significantly biased. This con-
trasts with our recent work in Read et al. (2018) where we
show that GravSphere is able to successfully recover the
radial density profile of a tidally stripped mock dwarf set
up to mimic Draco, within its 95% confidence intervals. A
full exploration of this difference is beyond the scope of this
present work, but may owe to Kowalczyk et al. (2013) using
Jeans mass estimators that are more prone to bias than fully
self-consistent dynamical models (e.g. Campbell et al. 2017),
or to their mocks being further from dynamical equilibrium
than those considered in Read et al. (2018).
6.2.2 Mass modelling with HI rotation curves
The list of potential pitfalls for modelling gaseous rotation
curves is rather longer than for stellar kinematic mass mod-
elling. Several studies have worried about the effects of beam
smearing (e.g. Marchesini et al. 2002), non-circular motions
due to a central bar (e.g. Rhee et al. 2004; Valenzuela et al.
2007), unmodelled turbulent or vertical pressure support in
the disc (e.g. Valenzuela et al. 2007; Pineda et al. 2017),
inclination error (e.g. Rhee et al. 2004; Read et al. 2016b),
umodelled halo triaxaility (e.g. Hayashi & Navarro 2006;
Kuzio de Naray & Kaufmann 2011; Oman et al. 2017) and
the effect of large HI holes driven by supernovae explosions
(Read et al. 2016b). In Read et al. (2016b), we explicitly
tested the methodology we use here on high resolution mock
rotation curve data that include most of the above poten-
tial problems. We found that for fitted inclinations i > 40◦
(which is the case for all of the galaxies we consider in this
paper), we were able to successfully recover the underlying
rotation curve and obtain the correct mass distribution. The
only issue that we did not explore in Read et al. (2016b) is
the effect of non-circular motions due to halo triaxiality or
a stellar bar. None of the galaxies in the sample we use here
MNRAS 000, 000–000 (0000)
16 Read
has a prominent stellar or gaseous bar, but they could in-
habit triaxial DM halos. Oman et al. (2017) have recently
argued that this could be a significant source of bias in rota-
tion curve modelling that typically assumes, as we have done
here, a spherical DM halo. They demonstrate, using mock
data from the APOSTLE simulations, that non-circular mo-
tions due to halo triaxiality can cause DM cusps to mas-
querade as cores. However, the mock dwarf galaxies used
in Oman et al. (2017) appear to have significantly larger
non-circular motions (as determined from the residuals of
their tilted ring model fits) than real galaxies in the Little
THINGS survey (Oh et al. 2015; Iorio et al. 2017). Further-
more, triaxiality should induce a range of apparent inner DM
logarithmic cusp slopes, with some galaxies appearing cored
and others appearing cusped. This is not what we find for
our sample of dIrrs that all favour a constant density DM
core (see Figures 5 and B1). Nonetheless, this is an issue
that warrants more attention in future work.
6.2.3 Systematic bias between stellar kinematic and HI
rotation curve modelling
Almost all of our high density dwarfs are gas-free dwarf
spheroidals, while our low density dwarfs are all gas rich
dwarf irregulars. This general trend is expected if DM is
heated up by bursty stellar feedback (e.g. Di Cintio et al.
2014a; Read et al. 2016a). However, the dwarf spheroidals
are modelled using stellar kinematics, while the dwarf ir-
regulars are modelled using gaseous rotation curves. Could
this modelling difference be the true cause of the density-
dichotomy that we see here? To answer this question, it is
instructive to consider two scenarios in which the results
in Figures 8 and 9 are spurious and owe to some prob-
lem with our mass modelling. In scenario A, let us sup-
pose that all dwarfs are actually cusped, with a central den-
sity ρDM(150 pc) > 10
8 M kpc−3. In this case, the follow-
ing would have to be true: (i) all stellar kinematic stud-
ies to date have mis-measured Fornax’s DM density pro-
file (c.f. §6.1); (ii) Fornax’s globular clusters have found
some way, as yet unknown, to survive orbiting in a dense
cusped DM halo (Goerdt et al. 2006; Cole et al. 2012);
(iii) the agreement between the inner DM density profile
of Fornax derived using GravSphere and the dwarf irreg-
ulars is an unfortunate coincidence (Figures 3 and 5); and
(iv) all of the dwarf irregular density profiles presented in
this paper are wrong. In scenario B, let us suppose that all
dwarfs have large cores of size >∼ R1/2, with central densities
ρDM(150 pc) < 10
8 M kpc−3. In this case: (i) the Grav-
Sphere density profiles for Draco, Sculptor, Leo I and Leo II
are wrong; (ii) the remaining dSphs must lie at the 95% lower
bound of their GravSphere model density profiles (Figure
8); and (iii) GravSphere works on mock data but fails on
the real data for most dSphs. Both scenarios seem unlikely.
While the results for any individual dwarf may change, it
seems hard to escape the conclusion that some dwarfs have
a high central DM density, while others have low central DM
density.
6.2.4 Systematic uncertainties in the pre-infall halo
masses
The results in Figures 8 and 9 rely on estimates for the
pre-infall halo masses, M200, of our dwarf sample. For the
gas rich dIrrs, we took these from the HI rotation curve esti-
mates in Read et al. (2017); for the dSphs, we used the abun-
dance matching method from Read & Erkal (2018). While
both of these estimates could suffer from sizeable systematic
uncertainties, such errors cannot explain the diversity of cen-
tral dark matter densities that we find here. If we wanted
all of the dwarfs to lie along the grey track in Figure 8, we
would have to have Fornax and all of the dIrrs inhabit halos
with masses M200 < 5× 108 M, inconsistent with the peak
rotation curve measurements for our dIrr sample. Even with
this, however, we would not be able to explain the shallow
inner dark matter slopes we find in Figure B1, nor how such
low mass galaxies managed to form so many stars. For these
reasons, we are confident that our results are not contingent
on our pre-infall halo mass estimates.
6.3 A dichotomy or a continuum of cusps and
cores?
At present, our results in Figures 8 and 9 are consistent with
some dwarfs being cusped (those with only old-age stars;
black), and some dwarfs being cored (those with younger
stars; blue). However, as the constraints on ρDM(150 pc) im-
prove, we may find galaxies in transition between being fully
cusped or fully cored. Leo I, with a star formation trun-
cation time of ttrunc = 3.1 Gyrs, is a good candidate for
such a dwarf, frozen in transition. Furthermore, we may find
that the correspondence between being cusped or cored and
ttrunc is not exact. There could be significant stochasticity
in the formation of DM cores, driven by differing merger
histories (e.g. Laporte & Pen˜arrubia 2015) and/or the spin
and concentration parameters of the dwarfs’ dark matter
halos (e.g. Read et al. 2016a). Carina is particularly inter-
esting in this regard as it has an extended star formation
history, yet weakly favours a dark matter cusp (Figures 3, 8
and B1). Similarly, the ‘ultra-faint’ dwarfs Eridanus II and
Andromeda XXV may be further examples of stochastic-
ity, since both appear to have old-age stars and central DM
cores (Amorisco 2017; Contenta et al. 2017). (Note, how-
ever, that the cores claimed in these ultra-faint dwarfs are
much smaller than the ∼ 150 pc scale that we are able to
probe here. As such, an alternative explanation could be
that all dSphs – both classical and ultra-faint – have a small
<∼ 100 pc-size inner core that forms at high redshift, and
that we are not yet able to detect yet. See Read et al. (2018)
for further discussion on this point.) We will address these
questions in more detail in future work.
6.4 The Too Big to Fail problem
Several recent papers have argued that the Milky Way clas-
sical dwarfs, in the context of ΛCDM, must inhabit the most
massive DM subhalos before infall (e.g. Jethwa et al. 2018;
Kim et al. 2017; Read & Erkal 2018). However, these massive
subhalos have central densities that are too high to be con-
sistent with the observed stellar velocity dispersions of the
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Milky Way classical dwarfs (e.g. Read et al. 2006b), a prob-
lem that has become known as ‘Too Big to Fail’ (Boylan-
Kolchin et al. 2011).
The nomenclature ‘Too Big to Fail’ (hereafter TBTF)
refers to the fact that TBTF is solved if the most massive
subhalos are devoid of stars and gas, placing the classical
dwarfs instead in lower mass and, therefore, lower density
subhalos. However, such a solution is puzzling because it
requires the most massive subhalos to end up dark while
their lighter cousins form stars. Such massive subhalos ought
to be ‘Too Big to Fail’.
An alternative solution to TBTF is that the central den-
sity of the most massive subhalos is lower than expected
from pure DM structure formation simulations in ΛCDM
(Read et al. 2006b). Indeed, Boylan-Kolchin et al. (2012)
point out that TBTF can be cast as a ‘central density prob-
lem’, akin to the cusp-core problem for isolated dwarfs (see
§1).
With the results of this paper, we are now in a position
to revisit TBTF. Boylan-Kolchin et al. (2011) argue that,
statistically, 2−4 of the Milky Way classical dwarfs have an
unexpectedly low central density. From Figure 8, of the satel-
lite dwarfs studied here, only Fornax has a central density
that is lower than expected in pure DM structure formation
simulations in ΛCDM (compare the location of Fornax with
the grey band on this plot). However, the Sagittarius dSph
also appears to inhabit a massive pre-infall subhalo (Gib-
bons et al. 2017; Read & Erkal 2018). If Fornax and Sagittar-
ius inhabit massive pre-infall halos (with M200 > 10
10 M),
then this is already sufficient to significantly alleviate the
Milky Way’s TBTF problem. However, in addition to For-
nax and Sagittarius, there may have been other Fornax-like
galaxies that fell in late and did not survive. As discussed in
Read et al. (2016a), early infalling dwarfs have their star for-
mation shut down before they can fully transform their cusp
to a core. Indeed, as we have shown in this paper, the Milky
Way dSphs with only old-age stars are consistent with this
(see Figure 8, black data points). By contrast, late infalling
dwarfs have time to transform their cusps to cores, becom-
ing more susceptible to tidal destruction than expected in
pure DM structure formation simulations. A full solution to
TBTF may require some of these late infalling cored dwarfs
to be tidally destroyed (e.g. Zolotov et al. 2012; Brooks &
Zolotov 2014; Wetzel et al. 2016). We will study this in more
detail in future work.
6.5 The nature of DM
Our GravSphere models favour a wide range of central DM
densities in dwarfs with similar M∗ (Figure 6, left panel).
Furthermore, the densest dwarfs are those whose star for-
mation shut down long ago, while the low density dwarfs
have more extended star formation (Figure 9). These re-
sults are in excellent agreement with models in which cold
DM ‘heats up’ at the centres of dwarf galaxies due to bursty
star formation (Figure 8). However, they are challenging to
understand in models where large DM cores are ubiquitous.
Many modifications to the nature of DM have been proposed
to explain the observed DM cores in dwarf irregular galax-
ies (see §1). However, these typically produce DM cores in
all dwarfs, which is not what we find here. In a companion
paper, we used our densest dwarf, Draco, to place a new
constraint on the DM self-interaction cross section (Read
et al. 2018); dense dwarfs like Draco can now be used to
place similar constraints on any model that produces ubiq-
uitous DM cores (e.g. ultra-light axion DM; Marsh & Pop
2015; Gonza´lez-Morales et al. 2017).
6.6 Dwarf twins: a challenge for alternative
gravity models
The wide range of inner DM densities that we find here
also provides a new constraint on alternative gravity models
for DM. In §5.4, we showed that the existence of the dwarf
‘twins’ Draco and Carina, with similar baryonic mass, size,
and orbit around the Milky Way, but very different ρDM(r),
presents a particular challenge (Figure 7). In the context of
ΛCDM, Draco and Carina can be understood as inhabiting
different pre-infall dark matter halos (with different mass,
M200, and concentration, c200; see §5.5). In the context of
alternative gravity theories, the only possible explanation
for Carina and Draco is if either one or both are not in
dynamical equilibrium. This possibility has been discussed
previously in the literature. Brada & Milgrom (2000) stud-
ied satellite dwarfs in MOND, with a focus on the Milky
Way classical dSphs. They found that Draco will be largely
immune to tidal effects if its pericentre is rp >∼ 32 kpc, while
for Carina they found rp >∼ 41 kpc. The latest proper motion
data from Gaia DR2 for these two galaxies (assuming the
Milky Way ‘model 2’ from Gaia Collaboration et al. 2018)
gives rp = 32
+6.1
−5.3 kpc for Draco and rp = 74.5
+23.7
−19.5 kpc for
Carina. Thus, Draco is closer to being tidally affected than
Carina. In principle, this could explain Draco’s higher ve-
locity dispersion if tidal forces act to inflate the velocity
dispersion in MOND. However, to date observational evi-
dence for tides affecting the stars in these galaxies – in the
form of a velocity gradient, inflated velocity dispersion at
large radii or feature in the photometric light profile – has
been reported only for Carina (Mun˜oz et al. 2006, but see
McMonigal et al. 2014). Furthermore, Angus et al. (2014)
presented a detailed numerical calculation of the effect of
tides on satellite galaxies in MOND. They found that tides
are unable to sufficiently inflate the dispersion of Carina in
MOND to explain the data. While they did not explicitly
model Draco, they showed that lowering the pericentre for
their Carina models led to more tidal stripping, lowering
the mass of Carina and, ultimately, lowering its velocity dis-
persion. This suggests that explaining Draco’s high velocity
dispersion will be even more challenging for MOND than
explaining Carina’s.
It may well be that some combination of tidal strip-
ping, disequilibrium, triaxiality, the influence of binary stars
and/or a different weak field alternative gravity model is able
to explain Carina and Draco without the need for DM. How-
ever, based on our findings here and the discussion, above,
any such solution is likely to require significant fine-tuning.
7 CONCLUSIONS
We have used stellar kinematics and HI rotation curves to
infer the radial DM density profile of eight dwarf spheroidal
(dSph) and eight dwarf irregular (dIrr) galaxies with a wide
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range of star formation histories. Our key findings are as
follows:
• The dwarfs fell into two distinct classes. Galaxies with
only old stars (> 6 Gyrs old) had central DM densities,
ρDM(150 pc) > 10
8 M kpc−3, consistent with DM cusps;
those with star formation until at least 3 Gyrs ago had
ρDM(150 pc) < 10
8 M kpc−3, consistent with DM cores
(Figure 6).
• We estimated pre-infall halo masses for our sample of
dwarfs, using HI rotation curve measurements for the dIrr
sample and abundance matching for the dSph sample. With
this, we showed that their ρDM(150 pc) as a function of M200
is in good agreement with models in which DM is kinemati-
cally ‘heated up’ by bursty star formation. The dwarfs with
only old-age stars lay along the track predicted by the NFW
profile in ΛCDM, consistent with having undergone no mea-
surable DM heating. By contrast, those with extended star
formation lay along the track predicted by the coreNFW
profile from Read et al. (2016a), consistent with maximal
DM heating (Figure 8).
• We found that ρDM(150 pc) for our sample of dwarfs is
anti-correlated with their stellar mass to pre-infall halo mass
ratio, M∗/M200 (Figure 9). This is also in good quantitative
agreement with predictions from recent DM heating models
(Di Cintio et al. 2014a; Chan et al. 2015; Read et al. 2016a;
Tollet et al. 2016).
• We showed that the dwarf ‘twins’ Draco and Carina
provide a particularly clean test of weak-field alternative
gravity models for DM. These two dwarfs have similar M∗,
R1/2 and orbit around the Milky Way, yet favour very dif-
ferent dark matter density profiles. In ΛCDM, this is ex-
plained by Carina and Draco inhabiting halos with different
pre-infall masses and concentrations (Figure 8). In alterna-
tive gravity theories, however, the existence of visibly similar
galaxies with different gravitational force-fields represents a
major challenge (Figure 7).
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APPENDIX A: VARYING THE SCALE AT
WHICH WE ESTIMATE THE INNER DM
DENSITY
In this Appendix, we show how our results change if we
vary the scale at which we estimate the inner DM density.
In Figure A1, we show the inner DM density, ρDM(rS), for
rS = 100, 200 and 300 pc, as marked on the panels. The data
points and contours are as in Figure 8. As can be seen, our
results are not altered by the choice of rS. For rS = 100 pc
(left panel), we still see a clear separation in density between
those dwarfs that stopped forming stars long ago (black) and
those that formed stars until recently (blue). However, the
uncertainties on ρDM(100 pc) are larger than for our default
choice of ρDM(150 pc). As rS is increased, the error bars
on ρDM(rS) shrink, but so too does the difference between
cusped and cored models in this space. Our default choice
of rS = 150 pc represents a compromise between minimising
the error on ρDM(rS) and maximising the difference between
cusped and cored models.
APPENDIX B: GravSphere CONSTRAINTS ON
THE LOGARITHMIC SLOPE OF THE INNER
DM DENSITY PROFILE
In this Appendix, we present our GravSphere model infer-
ence of γDM(150 pc) for our sample of dwarfs. Recall that in
Read et al. (2018), we showed that γDM(150 pc) depended
on our choice of priors on γDM. To show this, we introduced
a rather extreme prior on γDM designed to explicitly bias
our models towards cores. We assumed a flat prior over the
range −3 < γ′DM < 2, setting γDM = 0 if γ′DM > 0 and
γDM = γ
′
DM otherwise. In the absence of constraining data,
this ‘AltGam’ prior biases GravSphere towards cores by
MNRAS 000, 000–000 (0000)
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Figure B1. The central logarithmic cusp slope of the dark mat-
ter density profile – γDM(150 pc) ≡ d ln ρDM/d ln r(150 pc) – as a
function of M200 using our default priors on γDM (top left) and
using an extreme prior designed to bias our GravSphere models
towards cores (‘AltGam’; top right panel and see text for details).
The colour of the points is as in Figure 8. The grey and blue bands
bracket the extremum cases of no cusp-core transformation and
complete cusp-core transformation in ΛCDM, respectively (c.f.
the similar bands in Figure 8). The bottom two panels show sim-
ilar results for ρDM(150 pc) using our default priors (left) and
the AltGam priors (right). Notice that GravSphere’s inference
of γDM(150 pc) is affected by the priors on γDM, while its infer-
ence of ρDM(150 pc) is not. However, the ordering of γDM(150 pc)
is unaffected by the priors: dwarfs that have only old-age stars
(black data points) are systematically steeper than those with a
younger stellar population (blue data points).
creating a large region of hypervolume in which γDM = 0.
(Note that we consider this prior to be extreme, using it
only to test our sensitivity to priors on γDM.)
In Figure B1, we show our inference of γDM(150 pc)
for our default priors on γDM (left) and using the above
AltGam prior (right). The bottom panels show the corre-
sponding results for ρDM(150 pc). Similarly to our findings
in Read et al. (2018), our results for γDM(150 pc) depend
on our priors, whereas ρDM(150 pc) is more robust. This
is why we focus throughout this paper on our inference
of ρDM(150 pc) rather than γDM(150 pc). Nonetheless, while
γDM(150 pc) systematically shifts with our prior, the order-
ing of the dwarfs remains unchanged. Notice that dwarfs
with old-age stars (black data points) are systematically
steeper at 150 pc than those with younger stellar popula-
tions (blue data points). This is consistent with our findings
for ρDM(150 pc).
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